Mitochondrial β-barrel proteins fulfill central functions in the outer membrane like metabolite exchange catalyzed by the voltage-dependent anion channel (VDAC) and protein biogenesis by the central components of the preprotein translocase of the outer membrane (Tom40) or of the sorting and assembly machinery (Sam50). The mitochondrial division and morphology protein Mdm10 is another essential outer membrane protein with proposed β-barrel fold, which has so far only been found in Fungi. Mdm10 is part of the endoplasmic reticulum mitochondria encounter structure (ERMES), which tethers the ER to mitochondria and associates with the SAM complex. In here, we provide evidence that Mdm10 phylogenetically belongs to the VDAC/Tom40 superfamily. Contrary to Tom40 and VDAC, Mdm10 exposes long loops towards both sides of the membrane. Analyses of single loop deletion mutants of Mdm10 in the yeast Saccharomyces cerevisiae reveal that the loops are dispensable for Mdm10 function. Sequences similar to fungal Mdm10 can be found in species from Excavates to Fungi, but neither in Metazoa nor in plants. Strikingly, the presence of Mdm10 coincides with the appearance of the other ERMES components. Mdm10's presence in both unikonts and bikonts indicates an introduction at an early time point in eukaryotic evolution.
Introduction
Mitochondria originated from an endosymbiotic event, where an α-proteobacterial ancestor was incorporated by the last common eukaryotic ancestor [1] . During evolution the vast majority of the genetic information was transferred from the symbiont to the host nucleus. Consequently, mitochondria have to take up proteins, lipids and RNAs in order to fulfill the plethora of different biochemical functions in the cell. In addition, transport systems have been established to warrant massive metabolic exchange between the organelle and the cytosol, and mitochondria became a signaling platform for cellular processes like apoptosis. Thus, mitochondria developed from a symbiont to a fully integrated component of the cellular network [2] [3] [4] [5] [6] [7] .
From their bacterial ancestor mitochondria inherited β-barrel proteins in their outer membrane. One superfamily of β-barrel proteins, for which no direct bacterial predecessor has yet been identified, comprises the so-called 'eukaryotic porins' VDAC and Tom40 [8] [9] [10] [11] [12] . Tom40 is the protein-conducting channel of the translocase of the outer membrane (TOM complex) and is essential for cell survival [3, [13] [14] [15] [16] . The voltage-dependent anion channel (VDAC) mediates exchange of metabolites across the membrane [17, 18] . In addition, VDAC was also reported to transport tRNAs [19] and to play a role during apoptosis [20, 21] . The NMR and X-ray structures of VDAC revealed that its β-barrel is formed by 19 β-strands [22] [23] [24] , whereas all so far known bacterial β-barrel proteins are membrane-integrated by an even number of β-strands [25] . Phylogenetic analyses showed that Tom40 is evolutionarily related to VDAC [9, 10] . Based on homology modeling using the VDAC structure as a template it was suggested that the β-barrel of Tom40 is formed by 19 β-strands as well, which was recently confirmed by experimental studies of β-barrel folding of Tom40 in yeast mitochondria [9, 11, 26, 27] . Sam50 is an essential β-barrel protein and is the central component of the sorting and assembly machinery (SAM complex), which mediates the folding and insertion of β-barrel precursor proteins into the outer mitochondrial membrane [27] [28] [29] [30] . Sam50 belongs to the Omp85 superfamily, which is also present in Gram-negative bacteria and in chloroplasts [31] [32] [33] [34] . The fold of the bacterial Omp85 proteins FhaC and BamA was solved by X-ray crystallography and revealed a 16-stranded β-barrel [35, 36] , which is distinct from the Tom40/VDAC fold.
In Fungi the mitochondrial distribution and morphology protein Mdm10 associates with two protein machineries, which carry out central but different functions in mitochondrial biogenesis [37] [38] [39] [40] . Mdm10 binds to the SAM complex [38, [41] [42] [43] [44] , and is part of the endoplasmic reticulum encounter structure (ERMES) [37, 39, 40] .
Two different views about the function of the Mdm10-containing SAM complex were reported. On the one hand, it was postulated that Mdm10 stimulates the release of β-barrel preproteins from the SAM complex [41] . On the other hand, it was shown that the SAM-Mdm10 complex functions specifically in the assembly of α-helical TOM subunits like Tom22 with Tom40 but not generally in the biogenesis of β-barrel proteins [38, 43, 44] . Tom7 modulates the assembly of the TOM complex by inducing the dissociation of Mdm10 from the SAM complex [44, 45] .
The ERMES complex tethers the ER to mitochondria and is composed of Mdm10, Mdm12, Mmm1, Mdm34 and Gem1 [40, 46, 47] . The tether is most likely required for the transfer of lipids between mitochondria and ER [40, 46, 48, 49] . Consistently, Mdm34, Mdm12 and Mmm1 contain a synaptotagmin-like, mitochondrial and lipid-binding protein (SMP) domain, which belongs to the superfamily of tubular lipid-binding proteins (TULIP) domains [50] . Such domains have been described to bind hydrophobic ligands such as lipids [51] . The individual deletion of ERMES components like Mdm10, Mdm12 and Mmm1 causes in mitochondria an altered lipid content with reduced cardiolipin level, changes of mitochondrial morphology, reduced binding of mitochondria to actin filaments and impaired transport of mitochondria to the budding yeast cell [48, [52] [53] [54] [55] [56] [57] .
The proposed classification of Mdm10 as a β-barrel protein is supported by the presence of a β-signal, the requirement of SAM components for its biogenesis [30, 41, [58] [59] [60] and the suggested phylogenetic relation to 'eukaryotic porins' [8] . However, detailed information on Mdm10 structure and evolution are still missing.
We report that Mdm10 is a member of the eukaryotic porin superfamily. In order to perform a VDAC-guided annotation of secondary structure elements of the highly divergent VDAC, Tom40 and Mdm10 families, we developed a graph-based consensus multiple sequence alignment (MSA) procedure. Based on this consensus MSA we built a homology model of Mdm10 from Saccharomyces cerevisiae and by limited proteolysis experiments on isolated mitochondria we test the predicted topology of the protein. Unlike Tom40 or VDAC Mdm10 exposes large loops towards both the cytosol and the intermembrane space. Single deletions of the loop region do not affect Mdm10 functions. Additionally, the MSA was used to analyze conserved properties of the Mdm10 family and to reconstruct a phylogenetic tree of the eukaryotic porin superfamily. We provide evidence that Mdm10 is present in Fungi and also in some early branching groups of unikonts and bikonts and that its appearance is concomitant with the presence of the central ERMES components Mdm12, Mdm34 and Mmm1 reflecting that Mdm10 is a core component of this complex.
Material and methods

Generation of yeast strains and growth conditions
Yeast strains mdm10Δ, MDM10 HIS and their corresponding wildtype were generated and grown as described [38, 44] . To generate the S. cerevisiae strains mdm10ΔL3 (deleted amino acids 84-136), mdm10ΔL9 (deleted amino acids 216-229), mdm10ΔL15 (deleted amino acids 317-411) and mdm10ΔL18 (deleted amino acids 452-481) a plasmid shuffling approach was employed. In the Mdm10 shuffle strain the open reading frame of MDM10 was disrupted by ADE2 in the presence of pYep352 encoding for wild-type copy of MDM10. The mutants mdm10ΔL3, mdm10ΔL9, mdm10ΔL15 and mdm10ΔL18 were generated by the quick change approach using pFL39 encoding for MDM10 and a TRP1 marker as template. Subsequently, the deletion constructs were transformed into the shuffle strain. Positive clones were selected using the TRP1 marker of the vector. The wild-type copy of Mdm10 in the pYep352 vector containing the URA3 marker was lost upon growth on 5-fluoroorotic acid containing medium. The same approach was used to generate Mdm10 loop mutants in the Mmm1ProtA background. The strain expressing ProtA-tagged Mmm1 in the Mdm10 shuffle background was obtained by following the described procedure [39] . For biochemical analysis yeast cells were grown at 30°C in YPG medium (1% (w/v) yeast extract, 2% (w/v) peptone, 3% (v/v) glycerol). To study the growth serial dilution of cell cultures were spotted on agar plates containing either YPG or YPD (1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) glucose) medium.
Topology studies in mitochondria
Mitochondria were isolated by differential centrifugation [61] . The protein concentrations of mitochondria were adjusted to 10 mg/ml and aliquoted. Mitochondrial aliquots were shock-frozen in liquid nitrogen and stored at − 80°C until use. For proteinase K treatment mitochondria corresponding to 50 μg protein content were diluted 1:20 in either SEM buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS/KOH pH 7.2) or EM buffer (1 mM EDTA, 10 mM MOPS/KOH pH 7.2). Proteinase K was added to a final concentration of 20 μg/ml and incubated for 15 min on ice. To stop the protease activity PMSF was added to a final concentration of 2 mM and the samples were incubated for further 10 min. Subsequently, mitochondria were reisolated, washed with SEM buffer and lysed under denaturing conditions and subjected to SDS-PAGE. Proteins were detected by Western Blot and by immunodecoration with the indicated antisera. [62] . Affinity purification of the ERMES complex via ProtA-tagged Mmm1 from total cell extract was performed as described [63] .
Identification of eukaryotic porin-like sequences
Sequences of the eukaryotic porin superfamily were collected from the non-redundant (nr) database hosted at NCBI and from several genome projects (Supplementary Table S1 ) by hmmer (http://hmmer. janelia.org/) using the porin3 pHMM (PF01459), which includes Tom40 and VDAC sequences and the DUF3722 pHMM (PF12519) consisting of Mdm10 sequences from the Pfam database [64] . In order to remove false positive sequences we accepted all significant hits of the HMM search, which do not have other domains according to PfamScan,. A minimal length requirement of 248 amino acids (the 19 β-strands of mmVDAC (PDB: 3EMN) consist of 194 amino acids and for the 18 loops we define a length of 3 each; 194 + 18 * 3 = 248) was imposed in order to exclude sequence fragments. For the multiple sequence alignment we reduced our dataset to a maximal sequence identity of 70%, which does not affect the alignment drastically [9] with cd-hit [65] .
Identification of ERMES components
Mdm34, Mdm12 and Mmm1 contain a TULIP domain [50] . Because there is no Pfam pHMM available, we have initially collected sequences of all three proteins by BLAST searches with the yeast homologs as input. In the next step we aligned the obtained sequences with MAFFT v6.847b [66] and generated pHMMs for each protein with hmmer. These three pHMMs were used to search against the nr database and several genome projects (Supplementary Table S1 ).
Gem1 contains two GTPase domains, which were recognized by the Pfam pHMM Miro (PF08477). We used this pHMM to search against the nr database and several genome projects (Supplementary  Table S1 ) and accepted all sequences, which have two significant hits for this domain.
Both datasets were reduced to a maximal sequence identity of 70% with cd-hit [65] . In order to discriminate the four proteins from other proteins containing a TULIP or GTPase domain, we clustered them with CLANS [67] .
Multiple sequence alignment
In total we calculate m (m = 1050) multiple sequence alignments (MSAs) of n sequences with MAFFT v6.847b [66] and screen a large part of the parameter space (substitution matrices: jtt100, jtt150, jtt200, jtt250 and jtt300, op: 1.0-3.0 in 0.1 steps, ep: 0.0-0.9 in 0.1 steps). For each of these m MSAs we extract n− 1 pair-wise alignments, with sequence a being a member of each pair. Sequence a is the only member of set A = {a 1 }. The other n − 1 sequences belong to the sequence set B = {b 1 ,b 2 , …, b n − 1 } (a ∉ B). In contrast to the original sequences the pair-wise alignment contains gaps ('-') and we refer to the pair-wise alignment of sequences a 1 and b j as a 1 ′ and b j ′. The i th column of this alignment is referred to as a 1 ′ i and b j ′ j . Sequence a 1 is the amino acid sequence of the structural reference (a 1 = mmVDAC) and has the length z. For clarity we have listed all used symbols and indices in Table 1 .
The steps 1 to 5 are repeated for each sequence in B (b j ∈ B), in order to create pair-wise consensus alignments of each sequence b j and a 1 :
Steps 1 and 2 are repeated for each pair-wise alignment extracted from the m MSAs of sequences a 1 and b j and a directed graph containing the alignment information between a 1 and b j is built:
Step 1 -For each alignment column i, that is not a gap in a 1 ′, a node (a 1p b jq ) is created, if it does not already exist, containing the aligned amino acids of the alignment position a 1 ′ i b j ′ i , referring to sequence positions a 1p and b jq . If b j ′ i contains a gap, the created node depends on the first residue l in N-terminal direction.
Step 2 -For each pair of nodes a 1p b jq (refers to the alignment column a 1 ′ i b j ′ i ) and a 1 p + 1 b j q + x an edge with length one is created connecting both nodes. If this edge is already present in the graph, its weight is incremented by one.
Step 3 -Edge length is adapted for compatibility with Dijkstra's algorithm searching for the least-cost path: m − (edge weight − 1).
Step 4 -Start and end nodes are introduced in the graph. The start node is connected with an edge of weight m to all nodes a 11 b jx , representing the first position of a 1 . The end node is connected with en edge of weight m to all nodes a 1z b jx , representing the last position of a 1 .
Step 5 -With Dijkstra's algorithm we search for the least-cost path from start to end node, in order to construct the consensus alignment for sequences a 1 and b j .
Step 6 -All consensus alignments are combined and anchored on sequence a 1 . All residues of sequences in B not aligned to a 1 in the consensus alignments are added as insertions at the respective positions as lower case letters. Thus, the lower case letters do not represent aligned residues.
Position-wise plot of edge weights -The quality of the alignment between sequences A and B is determined by the least-cost path (see step 5). For each node on this path the maximum of the in-and outgoing edges is determined. The values for each column of the consensus alignment are averaged over all alignments separately for VDAC, Tom40, and Mdm10 sequences.
A graphical representation of our method applied to a few example sequences is shown in Supplementary Fig. S1 . A flow chart of the pipeline for testing our consensus alignment procedure is shown in Supplementary Fig. S2 .
Phylogeny
To reduce the complexity of tree reconstruction and to allow a more thorough search of the tree space, we extracted selected sequences of the multiple sequence alignment from organisms across the whole eukaryotic tree of life and removed sites were more than 5% of the sequences contained a gap, resulting in an alignment with 242 columns.
From this reduced alignment a maximum-likelihood phylogeny was reconstructed with RAxML v7.2.6 [68] using gamma-distributed rate heterogeneity and the LG substitution matrix, which is according to ProtTest [69] the best-fitting substitution matrix. Branch support values were calculated with RAxML's rapid bootstrap algorithm [70] from 1000 bootstrap trees using CAT approximation [71] . Additionally, a Bayesian tree search was performed with LG and CAT substitution matrices in PhyloBayes [72] . For the posterior probability estimation we ran four independent chains with a total length of 80,000 (LG) or 220,000 (CAT) cycles and checked the convergence by comparing their bipartitions (maxdiff b 0.1). The first 20,000 cycles were removed as burn-in and every second tree was used for the estimations. Finally, we compared both models using a 10-fold cross-validation test (10 replicates, 3000 cycles with a burn-in of 500 cycles) as implemented in PhyloBayes, based on the topology estimated by the CAT and LG model. The LG model has a better statistical fit (Table 2 ) no matter which topology was provided. The posterior probabilities obtained with the LG model were mapped onto our ML tree.
Clustering, homology modeling and molecular graphics
Sequence clustering was performed with CLANS [67] in 2D at a pvalue cutoff of 0.1. To construct the score matrix, CLANS invoked BLAST [73] using the BLOSUM62 substitution matrix [74] .
Homology models were built with MODELLER 9v7 [75] . The models were refined with YASARA (http://www.yasara.org) and its YAMBER3 force field [76] . Molecular graphics were created with Yasara (http:// www.yasara.org) and PovRay (http://www.povray.org).
Results and discussion
Mdm10 has a VDAC-like fold
Searching the non-redundant (nr) protein database from NCBI with the 'eukaryotic porin' (PF01459) profile hidden Markov model (pHMM) that was built for the detection of Tom40 and VDAC sequences yields some Mdm10 protein sequences as significant hits (E-value b 0.01). Remarkably, other sequences not belonging to Tom40, VDAC or Mdm10 family were not detected within the search limits. Using the Mdm10 pHMM (PF12519) we detected also a Tom40 sequence of Arabidopsis lyrata as significant hit besides Mdm10 sequences. Consistent with the similarity of Mdm10 to eukaryotic porins, the VDAC-like fold [22] [23] [24] is the best match among all existing structural folds as determined by the servers HHPred [77] , FFAS03 [78] and Phyre2 [79] (Supplementary Table S2 ). The second best hit is different for the three prediction server, has low confidence scores and a very low number of aligned residues in comparison to the VDAC hit (Supplementary Table S2 ). Both results suggest that Mdm10 belongs to the eukaryotic porin superfamily.
Next, we set out to embed Mdm10 into the structural context of eukaryotic porins by constructing a reliable multiple sequence alignment (MSA). We created a database composed of 'eukaryotic porins' including 76 fungal Mdm10 sequences. However, aligning VDAC and Tom40 sequences with standard MSA algorithms as, e.g., implemented in MAFFT [66] is challenging due to the high sequence divergence making the result highly dependent on the used parameters [9, 80] . Addition of Mdm10 sequences to the dataset further increases the amount of possible alignments. Furthermore, construction of an alignment with, e.g., pHMM-based methods has the disadvantage that the underlying HMM is built from an MSA as well.
To overcome this problem we developed a graph-based algorithm that principally makes a majority decision and allows the alignment of divergent sequences to build a MSA of VDAC, Tom40 and Mdm10. The algorithm searches in a set of 1050 alignments, constructed with different input parameters by MAFFT [66] , for the most frequent alignment (Fig. 1A) . Our previous implementations focused on an alignment of the core region of regular secondary structure elements not including terminal regions of regular secondary structure and loops [9, 80] . The most frequently occurring alignment of such a core region was extracted from a set of different MSAs. Our new method (Fig. 1A) builds graphs for all sequence pairs ( Supplementary Fig. S1 ), where one member is mouse VDAC (mmVDAC, PDB: 3EMN), with the alignment information extracted from all 1050 MSAs each calculated with different parameter combinations. Aligned residues of both sequences correspond to the nodes, which -if they occur in the same MSA -are connected by an edge, weighted inversely proportional to its observed frequency (1050 − freq obs ). With Dijkstra's algorithm for finding the path with the lowest cost in a graph [81] the most frequent pair-wise alignment for all sequence pairs is computed. At the end an MSA anchored at mmVDAC is constructed. We have successfully tested our consensus sequence alignment procedure and observed that in most cases a clear improvement in comparison to a single MAFFT MSA is achieved. We evaluated the performance of our method by aligning various pairs of protein domains from the SCOP/ASTRAL database [82, 83] (http://scop.berkeley.edu/) belonging to different PFAM families, which were selected to reflect the situation within the eukaryotic porin superfamily; i.e. we specifically searched for pairs of protein domains with known structures, which have the same fold but strongly divergent sequences ( Supplementary Fig. S3, Table S4 ).
In the consensus MSA of VDAC, Tom40 and Mdm10 we can assign 19 β-strands and the N-terminal helix to Mdm10 (Fig. 1B, Supplementary   Fig. S4 ). The average frequencies of these secondary structure elements are higher within the VDAC family than between VDAC and Tom40 or VDAC and Mdm10 (Fig. 1C) . This can be explained as the consensus MSA is constructed with mmVDAC (PDB: 3EMN) as the reference, and alignments within a protein family are less difficult than between different families as the result of the sequence divergence. In general, we observe a higher frequency for regular secondary structure elements than for loop regions (Fig. 1C) . The N-terminal part of the β-barrel is less conserved between Tom40, VDAC, and Mdm10 than the C-terminal region (Fig. 1C) . Such a difference in the degree of conservation was also observed for Omp85-like β-barrels [32] . Summarizing our results we can conclude that Mdm10 is a β-barrel protein and belongs to the superfamily of eukaryotic porins.
Mdm10 exposes large loops to the cytosol and intermembrane space of mitochondria
Based on our consensus MSA and the result of structure prediction we built a homology model of Mdm10 from S. cerevisiae (scMdm10) with mmVDAC (PDB: 3EMN) as template ( Fig. 2A) . The model shows the typical properties of a transmembrane β-barrel with β-strands of mostly alternating hydrophobicity meaning that hydrophobic residues point to the lipid phase and hydrophilic residues are present in water-accessible positions ( Supplementary Fig. S5 ). Interestingly, based on the model, scMdm10 exposes long loops on both sides of the membrane ( Fig. 2A) . Such loops are absent in Tom40 and in porin, the VDAC homolog in yeast ( Fig. 2A) , which indicates a functional specialization of Mdm10. In scMdm10 a single elongated loop (L18) is on one side and three are on the other side of the β-barrel (L3, L9, L15) with L9 being a rather short loop. Similar loops exist for example in FadL (PDB: 1T1L), which contains loops up to~30 amino acids long [84] , or TonB-dependent transporters, which exhibit loops of up to~50 amino acids in length connecting the transmembrane β-strands (e.g. PDB: 3CSL; [85] ).
Analyzing the loops in other fungal Mdm10 sequences, we noticed that the frequency of long loops increases from basal Fungi up to Dikarya (Fig. 2B) . In general, these long loops are of disordered nature as predicted by the GeneSilico metaserver [86] . Loop L3 is an exception as it has only low disorder content, especially in Dikarya (Fig. 2B) . In silico analyzes suggest that in the absence of a selection pressure long disordered regions are quickly lost during evolution [87] and existing disordered regions are discussed as protein interaction hubs [88] [89] [90] [91] . Thus, we addressed the topology and the role of the loop region of the yeast S. cerevisiae Mdm10 experimentally.
The topology of the Mdm10 loops in mitochondria
We generated yeast strains expressing Mdm10 variants, in which the loops were deleted individually (Fig. 3A) . All Mdm10 loop deletion mutants grew normally on non-fermentable medium compared to wild-type ( Supplementary Fig. S6A ). Since Mdm10 deletion mutants cannot grow on non-fermentable medium [40, 92] we conclude that the individual loops of Mdm10 are not essential for the function of the protein. Similar levels of Mdm10 were detected in mutant and wild-type mitochondria (Supplementary Fig. S6B ). The signal for Mdm10ΔL3 (hereafter ΔL3) appeared to be reduced due to detection problems with our Mdm10-specific antibody (Supplementary Fig. S6B ).
For topology studies wild-type, Mdm10ΔL15 (hereafter ΔL15) and Mdm10ΔL18 (hereafter ΔL18) mitochondria were either left intact or the outer membrane was ruptured by osmotic swelling and subsequently treated with proteinase K. Mdm10 proteins and their fragments were detected on a SDS-PAGE by immunodecoration with Mdm10-specific antibodies (Fig. 3B) . The specificity of the immuno-detected signals was confirmed by comparison with mitochondria devoid of Mdm10 (Supplementary Fig. S6C ). In intact wild-type mitochondria only a fragment of less than 5 kDa is removed from Mdm10 by the protease (Fig. 3B, lane 2, F1 ). After hypoosmotic swelling Mdm10 became accessible to proteinase K and a digestion product of 10 kDa size was detected (Fig. 3B, lane 4, F2) . Thus, only a small portion of Mdm10 is exposed to the cytosol, whereas the protein is largely accessible from the intermembrane space side.
The analyses of the mutant strains indicated that ΔL18 was protected from externally added proteases in intact mitochondria and was only degraded upon osmotic swelling. In contrast, ΔL15 was already accessible to proteinase K in intact mitochondria (Fig. 3B,  lanes 5-12) . The control protein Tom70 was already degraded in intact mitochondria, whereas the intermembrane space-exposed Tim23 and Tim10 became accessible to the protease only upon osmotic swelling (Fig. 3B, lower panels) . We conclude that loop 18 of Mdm10 is exposed to the cytosol, whereas the other three loops face the intermembrane space side (Supplementary Fig. S6D ). Supporting this view, a Cterminal portion of Mdm10 was degraded in intact mitochondria by proteinase K as shown by degradation of a His-tag fused C-terminally to full length Mdm10 (Fig. 3C, lane 2) .
For comparison porin (VDAC) does not expose protease-accessible loops to either side of the membrane [22] [23] [24] and was resistant to proteinase K treatment (Fig. 3D, second panel) . Also Tom40 was protected against proteolytic cleavage in intact mitochondria, but was partially digested after rupturing the outer membrane (Fig. 3D,  first panel) . The resistance of VDAC and Tom40 to protease treatment before mitochondrial swelling is consistent with the absence of long, cytosolic loops [9, [22] [23] [24] . The slight reduction of the molecular weight of Tom40 by protease treatment after swelling most likely reflects the removal of the unstructured N-terminal region [9] .
The role of the Mdm10 loops in mitochondrial biogenesis
We asked whether interactions of Mdm10 with ERMES, SAM or Tom7 were affected by deletion of the loop regions. Steady state levels of other ERMES or SAM subunits and of other outer membrane proteins were similar to wild-type mitochondria (Supplementary Fig. S6B ). To study the formation of the ERMES complex we introduced the Mdm10 variants in yeast strain expressing Protein A-tagged Mmm1 and used ) and a graph is constructed with this information (steps 1 + 2). After this, the graph is prepared for applying the Dijkstra algorithm (step 3 + 4) [81] and by this algorithm the highest scoring pair-wise alignment of sequences a 1 and b j is determined (step 5). As a last step all pair-wise alignments are combined (step 6). For a detailed explanation of the single steps, please, see Material and methods and Supplementary Fig. S1 . (B) Consensus alignment of mmVDAC (V; PDB: 3EMN) and scMdm10 (M). Red marks the α-helix and green the β-strands of mmVDAC and gray the secondary structure elements of scMdm10 derived by our alignment procedure. Numbers on the right indicate the position of the last amino acid in the corresponding sequence. (C) In total 1050 different multiple sequence alignments of a combined set of VDAC (light gray), Tom40 (dark gray), and Mdm10 (black) amino acid sequences were calculated with MAFFT as described in Material and methods. By a graph algorithm for finding the least-cost path [81] a consensus alignment was constructed. The average frequency of the chosen edge between two neighboring, aligned residue pairs along the least-cost path is shown. Plotted is the sequence position in the template against the average frequencies of the alignment between template mmVDAC (PDB: 3EMN) and all target sequences of the respective protein family. In short, a low frequency (low support) implies that the respective sequence positions are quite dissimilar and thus difficult to align to the template VDAC. In contrast, a high frequency (strong support) indicates a well-supported alignment due to the higher degree of similarity of the aligned positions.
total cell extract for affinity purification via the Protein A-tag. ΔL3, ΔL15 and ΔL18 were co-purified with Mmm1 (Fig. 4A ). Mdm12 and Mdm34 were eluted with the same efficiency like in wild-type strain indicating that the ERMES was formed in all Mdm10 loop deletion mutants (Fig. 4A) . Other mitochondria proteins were not co-purified with Mmm1-ProtA (Fig. 4A) .
To probe for an association of Mdm10 with either the SAM complex or Tom7 we lysed mitochondria isolated from individual loop deletion mutants with digitonin and analyzed Mdm10-containing complexes by BN-PAGE (Fig. 4B) . We detected the SAM-Mdm10 complex at 350 kDa and the Mdm10-Tom7 pool at about 140 Da [38, 44, 45, 93] in all strains analyzed (Fig. 4B, lanes 6-8) . The weaker signal in ΔL3 was most likely due to the reduced recognition efficiency by the Mdm10 antibody, which was supported by the wild-type-like level of Mdm10-SAM complex detected with antibodies against Sam50 (Fig. 4C, lanes  1-4) . Additionally, in Mdm10ΔL3 mitochondria some unassembled Mdm10 was detected indicating that the absence of loop 3 might partially disturb biogenesis of Mdm10 (Fig. 4B, lanes 1-6) . Since Mdm10 plays an important role in the formation of the mature TOM complex we analyzed the biogenesis of the TOM complex in the mutant strains. The amount of the TOM complex was comparable in the mutant and wild-type mitochondria (Fig. 4C, lanes 5-8) . To study the Tom40 assembly we imported radiolabeled Tom40 into the mitochondria isolated from the Mdm10 mutant strains. Imported Tom40 is assembled into the TOM complex via two intermediate stages, which can be resolved by blue native electrophoresis [27, 30] . Both intermediate stages as well as the mature TOM complex were efficiently formed in the Mdm10 mutant mitochondria (Fig. 4D) . We conclude that the role of Mdm10 in the biogenesis of the TOM complex is not compromised by individual deletion of any loop.
The unique features of the β-barrel of Mdm10
We have shown that the individual loop regions of Mdm10 are not important for the known interactions and functions of the protein. Consequently, specific features of the β-barrel might be important for Mdm10. We analyzed sequence properties of fungal Mdm10 in the structural context of our homology model of scMdm10. Characteristic for a VDAC-like fold is a 19-stranded β-barrel and an N-terminally located helix [9, 22] . In VDAC and Tom40 the latter is amphiphilic and is attached to a hydrophobic face of the pore interior [9, 22] . At the base of the binding pocket in the pore of Tom40 and VDAC are two residues with conserved tiny sidechains (scTom40: G270, G304; scPor1: A203, A222; [9] ). Only one of these two residues is conserved in Mdm10 as well (Gly 100%; scMdm10: Gly310). The other position is generally occupied by amino acids with small side chains (Cys 51.28%, Ala 28.21%, Ser 20.51%; scMdm10: Cys293). Due to the presence of a residue with a larger side chain the mode of interaction of the N-terminal helix with the pore wall might differ from Tom40 and VDAC.
In addition, Tom40 contains a "polar slide" comprising polar residues lined by two hydrophobic patches within the N-terminal region (β3-β8), whereas in VDAC this part is composed of mainly hydrophilic residues [9] . The corresponding region in Mdm10 contains extensive hydrophobic patches and less hydrophilic residues than Tom40 and VDAC (Fig. 5A) forming a hydrophobic surface in the region of β-strands β3 to β8. Based on the model Mdm10 would be able to form a pore with diameter similar to the pore of VDAC or Tom40 (Fig. 2A) . In this scenario the presence of hydrophobic patches would lead to different properties of the putative Mdm10 pore in comparison to the pores formed by Tom40 or VDAC. Consequently, in case Mdm10 is directly responsible for substrate transport, the latter likely differs from those of the other members of the eukaryotic porin superfamily.
The multitude of contacts of Mdm10 to ERMES, SAM or TOM components prompted us to analyze the membrane-exposed surface of the β-barrel for positions of conserved amino acid residues, which might indicate putative interaction surfaces [94] . We observed that an extended surface groove on β-strands β4 and β5 is formed by two residues with conserved tiny and small side chains, i.e. G144 (Gly 89.74%, Ala 7.69%, and Ser 2.56%) and A155 (Ala 76.92%, Gly 20.51%, and Ser 2.56%; Fig 5B) . Two conserved aromatic residues with large side chains in β-strand β3 are directly adjacent. These properties are conserved throughout the whole Tom40 family as well (Fig. 5C) but not in the VDAC family. A second region of high conservation within the Mdm10 family only is located on the opposite side of the β-barrel and spans the membrane as a thin strip containing five conserved aromatic residues in β-strands β11 to β14 (Fig 5D) .
The functions of these regions are unknown, however, they could act as protein binding regions. The strength of the conservation of the membrane-spanning strip of aromatic residues strongly hints at a protein-protein interaction surface [94] . The other putative binding site is alike in Tom40 and Mdm10, which might hint at a similar substrate. In this respect it is of interest to note that Tom7 was shown by site-directed cross-linking to interact via the same interface with Mdm10 and Tom40 [45] , indicating a similar binding site on both β-barrel proteins; a putative candidate is the region of β3-β5 in Mdm10 and Tom40. Supporting this notion the same pattern of amino acids is not conserved in VDAC, which does not interact with Tom7.
Evolution of Mdm10
β-barrels evolved by duplication events from an ancestral β-hairpin and represent an extreme example of divergent evolution [95] . Thus, it appears unlikely that the 19-stranded β-barrel fold of the eukaryotic porin superfamily evolved more than once by convergent evolution. Especially the fact that all other structurally known transmembrane β-barrel folds have an even number of β-strands makes it unlikely that the same evolutionary pressure leading to the 19-stranded β-barrel fold occurred more than once.
So far, our analyses have shown that Mdm10 is similar to the eukaryotic porin superfamily in sequence and structure. To explore the phylogenetic relationship we reconstructed a maximum likelihood (ML) tree and performed a Bayesian tree search based on our consensus MSA of VDAC, Tom40 and Mdm10 of selected organisms (Fig. 6) . We have calculated an unrooted tree, because the direct predecessor of the eukaryotic porin superfamily has not yet been identified.
In general, there is a well-supported split between the Tom40/ Mdm10 and VDAC sequences (bootstrap/posterior probability of 100/1.0). Furthermore, all Mdm10 sequences lie on the same branch (bootstrap/posterior probability of 87/0.99), whereas the Tom40 branch of the ML tree is not supported leading to several Tom40 branches. The succession of the kingdoms of Fungi, Metazoa and Viridiplantae is correct [96] in the VDAC and Tom40 branches (Fig. 6) . The Mdm10 clade originates at the base of Tom40; however, this positioning is not well supported. Surprisingly, sequences from Amoebozoa and Capsaspora owczarzaki (Filasterea) are grouped together with the Mdm10 sequences of Fungi, which is supported by good values for bootstrap (87) and posterior probability (0.99). Thus, most probably the occurrence of Mdm10 is not limited to Fungi. In contrast, Mdm10 cannot be identified in Metazoa or plants.
The ERMES complex and Mdm10 emerged early in eukaryotic evolution
In order to support the phylogenetic classification of the potential Amoebozoa and Filasterea sequences as Mdm10, we took a different approach and analyzed the evolutionary occurrence of those proteins, which form complexes with Mdm10. Mdm10 was reported to interact with the SAM and ERMES complex. Therefore, we tested whether Mdm10 occurs concomitantly with its interaction partners. Sam50 is generally found in all eukaryotes [33] , whereas Mdm10 does not exist in Metazoa and plants. Further, the SAM components Sam35 and Sam37 were identified in Fungi, Metazoa and plants as well [58, [97] [98] [99] [100] [101] . Thus, the general components of the SAM complex are present in most eukaryotes and their occurrence is not linked to the presence of Mdm10.
The ERMES component Gem1 is present in nearly all eukaryotes (Table 3 , Supplementary Fig. S7 ). Thus, Gem1 might not exclusively be linked to an Mdm10-containing mitochondria-ER tether. Moreover, the formation of stable ERMES complexes does also take place in the absence of Gem1 [46, 57] . Thus, Gem1 might exert a rather regulatory function in the ERMES complex than being a structural core component [46, 102] .
For the ERMES complex we also studied the occurrence of Mmm1, Mdm12 and Mdm34 (Fig. 7, Table 3 ). Like Mdm10, all three are nonexistent in Metazoa and plants, whereas they are detectable in all Mdm10-containing systematic groups. Thus, we found that the complete ERMES complex is not only present in Fungi but also in Amoebozoa and Filasterea, and we conclude that the potential Mdm10 sequences in Amoebozoa and Filasterea indeed belong to the Mdm10 family.
While almost nothing is known about the mitochondria-ER tethers in plants [103] , it is discussed that proteins like mitofusin-2 (Mfn2; [104] ), Bap31/Fis1 [105] or IP3R/Grp75/VDAC [106] might contribute to ER-mitochondria linkage in mammals. Interestingly, Filasterea contain both ERMES and Mfn2, whereas prior to Filasterea Mfn2 is not present (Fig. 7, Table 3 ). Thus, different mitochondrial-ER tethers have evolved in the different branches of life, and it could be that in Metazoa Mfn2 replaced ERMES with respect to its ER-mitochondria linkage function. Metazoa and plants also contain proteins, which were recognized by the TULIP pHMMs of Mmm1, Mdm12 and Mdm34 ( Fig. 7B ; unlabeled dots), but their sequence similarity is below the used threshold of 1E − 15 and the function of these proteins is not annotated. Furthermore, the average length of the proteins differs (ERMES: 489.36; other TULIP/SMP: 936.60) and the other TULIP/SMP proteins often contain additional PFAM domains like C2 (PF00168), C1_1 (PF00130), PDZ_2 (PF13180) or PH (PF00169) and, interestingly, also Fungi contain these additional TULIP/SMP proteins with unknown function (Fig. 7B ; square dots which are not highlighted). All in all, the detected TULIP/SMP sequences in Metazoa and plants most likely have a function distinct from the ERMES components.
Interestingly, Naegleria gruberi (Heterolobosea) contains the three ERMES components Mmm1, Mdm12, and Mdm34 as well. For N. gruberi our data set comprises a third eukaryotic porin-like sequence, which is according to Bayesian analysis with a posterior probability of 0.86 (LG)/0.94 (CAT) a member of the Mdm10 family ( Supplementary   Fig. S8 ). Together with the presence of other ERMES components this sequence is most likely the Mdm10 in N. gruberi. In the recent release of the genome of Cyanophora paradoxa, a glaucophyte at the base of the Archaeplastida [107] , we also discovered ERMES components with a TULIP domain and a third eukaryotic porin-like sequence. The location of this sequence in the Mdm10 subtree is weakly supported by the ML analysis, but in the Bayesian analysis with the CAT model it is supported with a probability of 0.94, and in conjunction with the presence of other ERMES components (Table 3 ) this sequence is the best candidate for Mdm10 in C. paradoxa. Thus, ERMES and Mdm10 appear concomitantly during eukaryotic evolution. We also detected putative Mdm12 and Mdm34 sequences in Euglenozoa and Parabasalia. However, it remains to be investigated whether an ancient, highly divergent Mdm10 and also an Mmm1 homolog are present in mentioned systematic groups.
Conclusions
We have identified Mdm10 as a member of the eukaryotic porin superfamily, which also includes Tom40 and VDAC. We developed a new consensus MSA approach, which results in a reliable alignment of different protein families with the same fold. Subsequently, we show by homology modeling and proteolysis experiments that scMdm10 unlike VDAC and Tom40 exposes large loops to both sides of the membrane. However, characterization of single-loop deletion mutants of scMdm10 revealed that the loops are not required for Mdm10 function. An analysis of the MSA in the structural context of the homology model of scMdm10 revealed conserved spots on the membrane-exposed surface of the β-barrel, one of which is also present in the Tom40 family. In future research these sites can now be probed specifically for their involvement in protein-protein interactions, e.g., with Tom7. Mdm10 and other ERMES core components like Mdm12, Mdm34 and Mmm1 are not only present in Fungi, but, surprisingly, are also present in some protist groups like Filasterea, Amoebozoa and Heterolobosea, and are lost in Metazoa and Viridiplantae. In contrast, the SAM complex is present in all eukaryotes. Thus, we conclude that Mdm10 and other ERMES core components occur concomitantly in unikonts as well as bikonts and that the function of Mdm10 in the ERMES complex evolved at an early stage of evolution. All together, our data support the view that Mdm10 is a central part of the ERMES complex. 
